Accumulation of cholesteryl esters (CE) stored as cytoplasmic lipid droplets is the main characteristic of macrophage foam cells that are central to the development of atherosclerotic plaques. Since only unesterified or free cholesterol (FC) can be effluxed from the cells to extracellular cholesterol acceptors, hydrolysis of CE is the obligatory first step in CE mobilization from macrophages. This reaction, catalyzed by neutral cholesteryl ester hydrolase (CEH), is increasingly being recognized as the rate limiting step in FC efflux. CEH, therefore, regulates the process of reverse cholesterol transport and ultimate elimination of cholesterol from the body. In this review, we summarize the earlier controversies surrounding the identity of CEH in macrophages, discuss the characteristics of the various candidates recognized to date and examine their role in mobilizing cellular CE and thus regulating atherogenesis. In addition, physiological requirements to hydrolyze lipid dropletassociated substrate and complexities of interfacial catalysis are also discussed to emphasize the importance of evaluating the biochemical characteristics of candidate enzymes that may be targeted in future to attenuate atherosclerosis.
"Response to retention" hypothesis, on the other hand, proposes that LDL migrates into the intimal space and is retained by association with the proteoglycans and is modified. Subsequent uptake by infiltrating macrophages results in development of foam cells (Williams and Tabas, 1995) . Regardless of the sequence of events, the end result is accumulation of foam cells which initiates the formation of fatty streaks. With continued that accretion of foam cells these fatty streaks develops into an atherosclerotic plaque. Lipid burden of an atherosclerotic plaque not only contributes to the volume but also enhances plaque associated inflammation and thus determines its vulnerability to rupture (Davies and Thomas, 1985) . Therefore, reduction in the lipid core of the plaque is a favored strategy to decrease plaque volume as well as increase plaque stability (Libby and Aikawa, 1998) . Currently used therapies for CAD include cholesterol lowering drugs such as statins that reduce plasma cholesterol by inhibiting the endogenous cholesterol synthesis. Although one of the pleiotropic effects of statins is to reduce inflammation and improve plaque stability, no direct strategy is presently available to reduce the lipid burden of atherosclerotic plaque. Cleveland Clinic study by Nissen et al (Nissen et al, 2003) provided the first direct evidence of the clinical benefit of enhancing removal of cholesterol from macrophage foam cells. Accumulation of cholesterol as cholesteryl esters (CE) and mobilization of CE to generate free cholesterol (FC) for efflux is regulated by several interactive pathways, the understanding of which is critical to develop therapeutic strategies directed towards enhancing FC efflux and decreasing lipid burden of the plaques.
CE accumulation and mobilization in macrophages
While like any other peripheral tissue, macrophages take up LDL via LDL-receptor, a pathway regulated at the levels of LDL receptor (LDLR) expression by cellular cholesterol content, macrophages also express scavenger receptors such as CD-36 and SR-A that permit unregulated uptake of modified LDL. This scavenging function is initially important in clearance of modified lipoproteins but if persistent, leads to massive accumulation of CE in macrophages resulting in the formation of foam cells. CEs are stored in the cytoplasm as lipid droplets and are in dynamic equilibrium with FC via a process first described as cholesteryl ester cycle by Brown et al (Brown et al, 1980) . Lipoprotein derived CEs are hydrolyzed in late endosomes/lysosomes by acid cholesteryl ester hydrolase and the FC released is re-esterified on the endoplasmic reticulum by acyl CoA:cholesterol acyltransferase-1 (ACAT1). The resulting CE are stored in the cytoplasm as lipid droplets and hydrolyzed by neutral cholesteryl ester hydrolase (CEH) to release FC for efflux. Excess FC is, once again, re-esterified by ACAT1 to prevent FC associated cell toxicity. Thus, cellular FC can be considered to have two fates namely re-esterification by ACAT1 or efflux to extracellular acceptors ( Figure 1 ). Inhibiting ACAT was one of the first strategies to reduce cellular CE accumulation and pharmacological inhibition of ACAT as a means to prevent or attenuate foam cell formation has been extensively pursued (Matsuda, 1994 , Matsuo et al, 1995 , Nicolosi et al, 1998 , Sliskovic and White, 1991 ). An alternate approach would be to enhance CE hydrolysis by increasing CEH activity. While intuitively similar with respect to reducing cellular CE content, these two approaches are fundamentally different. Under conditions of ACAT inhibition, decrease in cellular FC can only be achieved by extracellular acceptor mediated FC efflux. Thus, ACAT inhibition results in increase in cellular FC accumulation, both in plasma membrane and in the endoplasmic reticulum resulting in toxicity, ER stress and apoptosis ( Figure 1 , Bottom right). These effects of ACAT inhibition and associated FC-induced toxicity can be partially relieved by increasing the concentration of extracellular cholesterol acceptors (Warner et al 1995) . On the other hand, with increased CEH-mediated CE hydrolysis, the resulting FC can either be re-esterified by ACAT (Fate 1) or effluxed from the cell (Fate 2). Thus, even under conditions of limiting acceptor concentration, FC released by CEH mediated hydrolysis is re-esterified by functional ACAT1 preventing any increase in cellular FC.
Data from direct comparison of these two strategies on cellular FC and CE content establishing the fundamental differences are shown in Figure 2 . Using agmACAT1 cells with stable overexpression of ACAT1, we have compared the effects of ACAT inhibition and transient CEH over-expression under conditions of limited (0.5% BSA) or sufficient (10% FBS) extracellular FC acceptors. Under conditions of ACAT inhibition FC readily accumulates in the cells (Panel A, Compare data from ACAT-sufficient and ACAT-inhibited cells). Yet, CEH over-expression under these conditions still reduced CE content without further increasing cellular FC content. More importantly, in the presence of sufficient extra-cellular acceptors, CEH over-expression resulted in significantly higher CE mobilization which was further increased in ACATinhibited cells and there was no increase (rather a small decrease) in cellular FC levels. These data provide direct experimental evidence that, unlike ACAT inhibition, CEH over-expression does not lead to increase in cellular FC content and that these two intuitively similar strategies for reducing cellular CE content are fundamentally different ( Figure 1 ). As will be discussed below, these differences manifest as different outcomes in vivo; ACAT inhibition or deficiency leading to FC accumulation associated toxicity and xanthoma formation and transgenic over expression of CEH resulting in attenuation of CE accumulation and atherosclerosis.
Even prior to the identification of two genes for ACAT (ACAT1 in macrophages as well as other tissues and ACAT-2 restricted to liver and intestine), pharmacological inhibition of ACAT was pursued to reduce intracellular accumulation and several inhibitors were developed and tested for the potential to reduce foam cell formation (Matsuda, 1994 , Matsuo et al, 1995 , Nicolosi et al, 1998 , Sliskovic and White, 1991 . However, in vivo preferential pharmacological inhibition of macrophage ACAT or ACAT-1 led to an increase plaque formation in mouse and rabbit models of atherosclerosis (Perrey et al, 2001 ). Mice deficient in ACAT1 displayed marked systemic abnormalities in lipid homeostasis in hypercholesterolemic Apo-E deficient and LDL-receptor deficient mice, leading to extensive deposition of free cholesterol in skin and brain (Accad et al, 2000 , Yagu et al, 2000 consistent with the cellular effects of ACAT inhibition shown in Figure 2B . Fazio et al reported increased atherosclerosis in LDL receptor-null mice lacking ACAT1 in macrophage (Fazio et al, 2001 ). The reduced content of macrophage and neutral lipids in lesions lacking ACAT1 may have beneficial effects on lesion stability (Boan et al, 2000) . However, the increase in lesion area and the systemic lipid abnormalities observed in ACAT1-deficient mice suggest that deficiency of ACAT1 could have detrimental effects (Glass and Witztum, 2001 ) consistent with increase in cellular FC associated toxicity.
Several lines of evidence are available to suggest that intracellular CE hydrolysis is an important step in regulating CE mobilization. Macrophages with high neutral CEH activity accumulate less cholesterol esters in the presence of atherogenic β-migrating very low-density lipoproteins (β-VLDL) in comparison to macrophages with low CEH activity (Ishii et al, 1992) . Animal models of atherosclerosis, such as the hypercholesterolemic rabbit and the White Carneau pigeon, appear to possess macrophages in which stored cholesterol esters are resistant to hydrolysis and subsequent mobilization (Mathur et al, 1985, Yancey and St. Clair, 1994) . Hakamata et al attributed the species-specific differences in macrophage foam cell formation to differences in CE mobilization (Hakamata et al, 1994) . Despite compelling evidence for the importance of CEH-mediated CE mobilization as a critical step in regulating foam cell formation and atherosclerosis, efforts to evaluate the role of CEH to attenuate cellular CE levels were hindered by the controversies surrounding the identity of the enzyme responsible for macrophage CE hydrolysis. Some of these controversies and the potential candidate enzymes catalyzing macrophage CE hydrolysis are discussed below.
Macrophage CE Hydrolysis
Brown et al demonstrated for the first time that in macrophage foam cells, CE hydrolysis is extra lysosomal and defined the "need" for a neutral cholesteryl ester hydrolase (CEH) that can release FC from the lipid droplet associated CE (Brown et al, 1980) . Since then, several candidate enzymes have been proposed as the likely candidates responsible for this activity and Table 1 summarizes the characterization of these possible candidates. Based on the observations that cAMP enhances FC efflux from macrophages and hormone sensitive lipase (HSL) is activated by cAMP, HSL was thought to be the likely candidate for macrophage CE hydrolysis (Goldberg and Khoo, 1990, Small et al, 1989) . HSL is expressed in murine macrophages (Khoo et al, 1993 ) but its expression in human macrophages remains controversial (Johnson et al, 2000 , Li and Hui, 1997 , Reue et al 1997 . We were unable to detect HSL expression in human macrophage cell line THP1 and in human blood derived monocyte macrophages (unpublished observations). Harte et al reported very low expression of HSL in rabbit macrophages suggesting that HSL expression is limiting in atherosclerosissusceptible animals. Over-expression of HSL by transient transfection in RAW 264.7 murine macrophages led to increased mobilization of CE in the presence of an ACAT inhibitor (Escary et al 1998) but macrophage-specific transgenic expression of HSL led to a paradoxical increase in atherosclerosis and macrophages isolated from these mice stored 2-3 fold higher CE when incubated with AcLDL in vitro (Escary et al 1999) . In addition, macrophages from HSL deficient mice did not have reduced CE mobilization suggestive of a limited, if any, role of HSL in macrophage CE mobilization . Since the effects of HSL deficiency on atherosclerosis have not been studied, it remains to be seen whether HSL plays a role in atherogenesis.
The second candidate enzyme speculated to play a role in macrophage CE mobilization was carboxyl ester lipase or CEL. CEL was first characterized from pancreas as a bile salt dependent cholesteryl esterase (Gallo, 1981 , Kissel, 1989 . It was also present in other tissues such as mammary glands and was secreted in milk to facilitate digestion of CE in infants and newborns (Hui and Kissel, 1990 ). Li and Hui reported the absence of HSL in human monocyte/ macrophage cell line THP1 as well as primary blood derived monocyte macrophages and demonstrated the presence of CEL in these cells (Li and Hui, 1997) . However, this is a secretory enzyme and was thought to play a limited role in intracellular CE metabolism.
We purified and cloned rat liver neutral cytosolic CEH that belonged to the carboxylesterase family and distinctly different from HSL and CEL (Ghosh and Grogan, 1991, Ghosh et al, 1995) . Using the strategy of homology cloning, we identified human macrophage CEH (Official gene symbol CES1, Accession number NG_012057) and demonstrated its expression in the THP1 human monocyte/macrophage cell line, as well as in human peripheral blood monocyte/macrophages (Ghosh 2000) . This enzyme associated with the surface of lipid droplets in lipid-laden cells (its physiological substrate) and hydrolyzed CE present in lipid droplets . Over-expression of this enzyme resulted in mobilization of cellular CE (Ghosh et al, 2003) demonstrating its role in regulating cellular CE accumulation. Stable over-expression of this CEH in human monocyte/macrophage cell line, THP1, resulted in significantly higher FC efflux to ApoAI, HDL and serum demonstrating that FC released by CEH-mediated hydrolysis of intracellular CE is available for efflux by all known pathways . Taken together, these data support the role of this enzyme in regulating macrophage CE content and FC efflux.
Carboxylesterases as Cellular Neutral CEHs
Carboxylesterases (gene symbol CES) have long been considered as non-specific esterases involved in xenobiotic metabolism (see Satoh and Hosokawa, 1998 for detailed review) known to hydrolyze aromatic and aliphatic esters. Further, these enzymes also play a role in detoxification in the lung and/or protection of the central nervous system from ester or amide compounds. Accordingly, purified enzymes were not tested for their ability to hydrolyze acyl esters of glycerol or cholesterol and the commonly used substrate to test for enzyme activity is p-nitro phenyl ester. Identification of rat hepatic CEH as a member of carboxylesterase family, for the first time, demonstrated the role of these enzymes in lipid metabolism. In humans, there are at least four CES genes present on chromosome 16 (CES1, CES2, CES4 and CES7) although complete characterization and knowledge of the physiological role of the respective gene products is lacking except for CES1. In addition to catalyzing the hydrolysis of ester and amide bonds in cocaine and heroin (Pindel et. al. 1997 ), we demonstrated that human CES1 also hydrolyzes the acyl ester bonds in CE and triacylglycerols and subsequent work from our laboratory established the role of this enzyme in cellular CE mobilization from macrophage foam cells as described above. In addition, we have also cloned and characterized CES1 from human liver and demonstrated that this enzyme can enhance the hydrolysis of HDL-delivered CE, increase reverse cholesterol transport and boost bile acid excretion in the feces (Zhao et al 2008) .
In mice, Dolinsky et al were the first to characterize a carboxylesterase from liver that hydrolyzed triacylglycerol and based on its activity it was designated as triglyceride hydrolase or TGH (Dolinsky, 2001 ). Analysis of mouse genome suggests that at least 9 different genes with homology to TGH are present on chromosome 8 and these belong to the carboxylesterase family of genes. The official gene symbol for TGH is Ces3. Similar to human carboxylesterase family, these enzymes were also characterized for their ability to detoxify xenobiotics (Satoh and Hosokawa, 1998) . It is, therefore, tempting to speculate that in mice the higher number of these genes is in accordance with the scavenging feeding habits of mice that increase the exposure to xenobiotics. Once again, the enzymes characterized to date with the exception of TGH, have only been tested for their ability to hydrolyze ester and amide bonds in xenobiotics and their role in metabolism of endogenous lipids remains to be established. In addition to CEH and TGH, another enzyme with CE hydrolytic activity was recently described (Okazaki et al, 2008) . This was originally identified as arylacetamide deacetylase-like 1 (AADACL1), a gene present on human chromosome 3 and with partial homology to a gene on mouse chromosome 3. Although there is no sequence homology between AADACL1 and CEH or TGH, it appears to share the same catalytic triad that is required for the hydrolysis of ester bonds. Since these enzymes catalyze the hydrolysis of hydrophobic substrates, the activities are often measured using simple water soluble esters such as p-nitro phenyl esters or substrates presented in the form of emulsions containing phospholipids and detergents such as bile salts. It needs to be emphasized that CE in macrophage foam cells are present as droplets and for any of these enzymes to be physiologically relevant, it has to catalyze hydrolysis of the substrate presented in the same physiological form. Thus, despite nucleotide or protein structure differences, any enzyme that can hydrolyze CE presented as lipid droplets would function as an intracellular CE hydrolase and enhance CE mobilization. In addition, keeping in view that several candidate enzymes can potentially hydrolyze intracellular CE, it is more critical to recognize the importance of CE hydrolysis than to associate this activity with one candidate protein.
Complexity of Intracellular lipid droplet associated CE hydrolysis
In foam cells, CE-rich lipid droplets accumulate in the cytoplasm. CEs are synthesized by ACAT1 on the endoplasmic reticulum (ER) and it is currently that these newly synthesized CE as well as triglycerides initially accumulate in between the two leaflets of ER membrane. Lipid droplets (LD) are subsequently released by budding into the cytoplasm together with part of the cytoplasmic leaflet or monolayer of the ER membrane (Figure 3) . PAT (Perilipin, Adipophilin and Tip47) family of LD associated proteins such as perilipin, ADRP (adipose differentiation-related protein) or Tip47 are then required for the stabilization of these LDs. Enzymes involved in the hydrolysis of TG or CE contained within the LDs must gain access to these substrates by associating with LD. CEL is secreted and thus, cannot associate with intracellular LDs. HSL that is present in the cytoplasm, once phosphorylated by Protein kinase A, associates with LD in a perilipin-dependent manner and facilitates TG hydrolysis in adipocytes and may be even CE hydrolysis in macrophages (Clifford et al 2000) . We have demonstrated translocation of cytoplsamic CEH to lipid droplets upon lipid loading . Newly identified enzyme KIAA1363 with CE hydrolytic activity resides in the ER and it remains to be seen as to how this enzyme gains access to its LD associated substrate ).
Enzymes acting on a lipid/water interface have stringent requirements for the surface characteristics for efficient binding and catalysis and therefore, activities are critically dependent on the substrate presentation (Figure 4) . Although detailed description of interfacial catalysis is beyond the scope of this review, a few relevant and important considerations are discussed here (For detailed review, see Reis et al, 2009 ). Lipolytic enzymes undergo a conformational change upon adsorption at the lipid/water interface and recent structural studies have shown that the active site is covered with a α-helical loop, i.e., a lid that renders it inaccessible for the substrate until the enzymes bind to the hydrophobic substrate (Belle et al 2007) . Presence of surfactants and detergents on the interface as well as accumulation of some catalytic products can expel the enzyme from the surface and reduce enzyme activity (Gargouri et al, 1983 ). The reaction rates are therefore, controlled by the overall composition of the interfacial microenvironment. Thus, in vitro lipolysis of triglycerides is decreased when substrate is presented as lecithin containing emulsions and non ionic detergents such as Triton X-100 displace the enzyme from the surface of the substrate and reduce activity (Reis et al, 2008 ). Deykin and Goodman demonstrated very early in CE hydrolytic enzyme(s) characterization that highest enzymatic activity is obtained when substrate is presented as droplets (dissolved in acetone). Presentation of the substrate as an emulsion containing detergents such as Triton x-100 or bile salts significantly reduced enzyme activity (Deykin and Goodman, 1962) . Thus, in addition to appropriate sub-cellular localization, ability to hydrolyze CE in its physiological droplet form becomes an important criterion for any CE hydrolase to be physiologically relevant and play a role in intracellular CE hydrolysis and subsequent mobilization. We have characterized CEH using substrate presented as droplets and shown that this enzyme can hydrolyze pure CE droplets as well as mixed droplets containing CE and TG. Inability to detect activity of CEH and TGH, as rationalized by Okazaki et al to identify a new candidate CE hydrolase (KIAA1363) using proteomics approach (Okazaki et al, 2008 ) (42), may as well be a manifestation of the assay used where the substrate was presented as emulsions containing lecithin as well as detergents (Hajjar et al, 1983 ). The enzymatic activity of HSL or KIAA1363 towards physiologically relevant physical state of the CE substrate remains to be evaluated.
Role of CE hydrolysis in atherosclerosis
Despite the apparent uncertainty of the major CE hydrolase, its sub-cellular localization and its ability to associate with its physiological substrate (CE associated with cytoplasmic LDs), the importance of this step in mobilization of CE and thereby attenuating atherosclerosis cannot be over-emphasized. This hypothesis was initially tested by development of HSL transgenic mice (Escary et al, 1999) . Paradoxically, these mice had increased atherosclerosis and it was thought to be due to limiting extra cellular acceptors. Subsequently, Choy et al developed ApoA IV and HSL double transgenics in C57BL/6 background and demonstrated a decrease in dietinduced atherosclerosis compared to HSL transgenics (Choy et al, 2003) . HSL deficiency, however, did not have any effect on macrophage CE hydrolytic activity precluding its role in macrophage cholesterol homeostasis (Contreras, 2002) and no studies have been performed to date to directly assess the development of atherosclerosis in HSL deficient mice. Contrary to their earlier data and conclusions, Sekiya et al recently reported a decrease in macrophage CE hydrolytic activity in macrophages from HSL−/− mice and a modest but non-significant increase in diet-induced atherosclerosis in LDLR−/− mice reconstituted with HSL−/− bone marrow. The exact role of HSL in atherogenesis, thus, awaits a more systematic study ).
Since CEL expression was demonstrated in human macrophages, Kodvawala et al developed macrophage-specific CEL transgenic mice to evaluate the role of this CE hydrolase in the development of atherosclerosis (Kodvawala et al, 2005) . In athero-susceptible ApoE−/− background, CEL transgenic mice displayed an approximate 4-fold higher atherosclerotic lesion area than ApoE(−/−) mice without the CEL transgene. It was speculated that perhaps its extracellular location or its hydrolysis of ceramide and lysophosphatidylcholine leads to increased cholesterol esterification and decreased cholesterol efflux resulting in increased atherosclerosis. Regardless of the underlying mechanisms, these studies demonstrate a minimal role for CEL in macrophage CE mobilization and thereby in atherogenesis.
To evaluate the role of CEH in foam cell formation and atherogenesis, we developed macrophage-specific CEH transgenic mice and crossed them into an atherosusceptible LDLR −/− background. High-fat high-cholesterol diet induced atherosclerosis was evaluated and we reported almost a 50% reduction in lesion area in LDLR−/−CEH transgenic mice compared to LDLR−/− mice . In addition, CEH-mediated increase in CE mobilization also reduced lesion necrosis. It should be pointed out that the decrease in atherosclerosis and lesion necrosis was observed in the presence of physiological concentration of extracellular cholesterol acceptors. This is in contrast to HSL transgenic mice where, in the absence of ApoA IV over-expression, there was a paradoxical increase in atherosclerosis (Escary et al 1999) and only in ApoA IV HSL double transgenics a reduction in lesion development was observed (Choy et al, 2003) . Consistent with our in vitro studies, macrophages from CEH transgenic mice showed higher FC efflux and decreased cellular CE levels upon loading with modified LDL. Over-expression of CEH in macrophages alone increased the process of reverse cholesterol transport and there was increased elimination of cholesterol in the feces of CEH transgenic mice . Transgenic mice over-expressing the newly identified CE hydrolase (KIAA1363 or NCEH) have not been developed yet and the role of this enzyme in affecting atherogenesis remains to be evaluated. Sekiya et al have, however, reported an increase in Western-diet induced atherosclerosis in NCEH−/− mice in an ApoE−/− background . These studies, however, did not evaluate the effects of NCEH deficiency in C57BL/6 background and direct consequence of NCEH ablation on increasing the risk for the development of atherosclerosis is not apparent. It also needs to be emphasized that despite total lack of NCEH expression, the macrophage CE hydrolytic activity as well as FC efflux was only reduced by less than 40% providing support for the concept of macrophage CE hydrolysis being a multi-enzyme process.
The success in attenuating atherosclerosis and lesion necrosis by transgenic expression of CEH underscores the importance of the role of CE hydrolysis in atherogenesis. It is noteworthy that advanced lesions from CEH transgenic mice still contained significant number of viable macrophages indicating that CEH is likely to play a role in modulating the characteristics of advanced lesions. Future studies will define the role of CEH in improving plaque stability. However, for clinical relevance and benefit, it is essential to understand the mechanisms involved in the endogenous regulation of CE hydrolysis such that these pathways can subsequently be targeted for pharmacological intervention.
Regulation of macrophage CE hydrolysis
CE hydrolysis is the rate-limiting step in FC efflux from macrophages (Yancey and St. Clair, 1994) and as noted above, in athero-susceptible species, macrophage CEs are resistant to mobilization (Mathur et al, 1985, Yancey and St. Clair, 1994 ) and intracellular CE hydrolytic activity negatively correlates with cellular CE content (Zhao et al, 2003) . Therefore, it is often recommended to measure cellular FC efflux in the presence of ACAT inhibitor (Rothblat et al, 2002 ) and majority of FC efflux studies are conducted in the presence of ACAT inhibitors. These measurements, however, only report on the processes involved in FC transport to and through the plasma membrane to the extracellular acceptors and do not truly reflect the ability of a given cell to efflux FC under physiological conditions where ACAT will be active and stored cholesterol will be in the form of CE and not predominantly FC. To gain better understanding of FC efflux from macrophages, it is critical to not only measure it in the absence of ACAT inhibitors to assess the rate of endogenous CE hydrolysis, but also to elucidate mechanisms or pathways involved in regulating intracellular CE hydrolysis. One of the first interventions reported to increase intracellular CE hydrolysis was by exposure of macrophages to cyclic AMP (Colbran et al, 1986 , Bernard et al, 1991 and it was concluded that the enzyme responsible for this hydrolysis is activated by reversible phosphorylation providing the rationale for considering HSL as the candidate CE hydrolase (Khoo et. al. 1981 , Small et al, 1989 . Since then, increase in cellular CE hydrolysis has been achieved by exposure to prostaglandin E1 (Goldberg and Khoo, 1990 ), 17-beta estradiol (Napolitano et al, 2001 , Tomita et al, 1995) and 15-lipooxygenase-1 (Weibel et al, 2009 ). However, being a multi-enzyme process, only very limited knowledge is available on the regulation of individual CE hydrolases either at transcriptional or at the enzyme activity level. HSL is known to be activated by protein kinase A dependent reversible phosphorylation (Belfrage et al, 1982) as is CEH which is also phosphorylated by protein kinase C (Ghosh and Grogan, 1989) . Although CEL is also phosphorylated but this modification is thought to be required for its secretion and its effects on enzyme activity per se has not been evaluated (Pasqualini et al, 1997 (Pasqualini et al, , 2000 . Effects of posttranslational modifications such as phosphorylation on newly identified CE hydrolase, KIAA1363, have yet to be determined. Limited knowledge is currently available on the transcriptional regulation of the various CE hydrolases. Grober et al reported the cloning of the HSL proximal promoter (Grober et al, 1997) and recently Yajima et al demonstrated that HSL gene is transcriptionally regulated by PPAR gamma/RXR alpha heterodimers (Yajima et al, 2007) . Further, Deng et al reported that up-regulation of HSL by PPARgamma requires the involvement of Sp1 (Deng et al 2006) . We cloned the proximal promoter of human CEH and identified functional PPAR response elements (Ghosh and Natarajan 2001) . In contrast to HSL, PPAR gamma as well as PPAR alpha agonists down-regulated CEH promoter activity. Recent studies from our laboratory have also identified a functional LXR response element on the CEH promoter ( Figure 5 ). Luciferase activity was significantly increased when cells transfected with luciferase reporter constructs driven by 1686 bp long CEH proximal promoter were exposed to LXR ligand TO901317. This increase was amplified when cells were cotransfected with LXRα expression vector suggesting that LXRα activation increases transcriptional activity of CEH promoter. LXRα agonists have been shown to enhance FC efflux and this effect is thought to be due to an increase in the expression of cholesterol transporters ABCA1 and ABCG1 (Tall 2008) . It can be hypothesized that LXRα activation enhances CEH expression as well as FC transporters (ABCA1 and ABCG1) thereby increasing CE hydrolysis and stimulating the efflux of released FC. Continuing studies in our laboratory will not only provide further experimental evidence for this mechanism of regulation of CEH and FC efflux but also explore other potential mechanisms that can be targeted to enhance or activate CEH and thereby increase FC efflux.
Conclusions and Future directions
Significant attenuation of atherosclerosis and lesion necrosis in LDLR−/−CEHTg mice confirms the hypothesis that increasing intracellular CE mobilization is anti-atherogenic and identifies CEH as a potential target for pharmacological intervention. We have also demonstrated that over-expression of CEH in liver enhances in vivo reverse cholesterol transport and increases cholesterol elimination from the body (Zhao et al, 2008) suggesting that interventions targeted at increasing CEH will at least have beneficial effects in two major tissues involved in whole body cholesterol homeostasis. Unpublished results from our lab have demonstrated that macrophage-specific transgenic expression of CEH also leads to attenuation of systemic and plaque associated inflammation further establishing CEH as an important antiatherogenic target. Identification of endogenous mechanisms that regulate the expression of CEH are, therefore, absolutely critical. As described above, currently we have very limited knowledge of how any of these candidate CE hydrolases are regulated in vivo. Continued characterization of proximal promoters and covalent modifications will provide the required information on the transcriptional and post-translational regulation of these enzymes.
Throughout this review, we have alluded to the presence of multiple candidate enzymes responsible for cellular CE hydrolysis and discussed data related to the physiological role of these enzymes obtained using different in vitro and in vivo models. In addition, we have also described the specific issues related to the ability of these enzymes to hydrolyze CE present in the cytoplasm as lipid droplets and stringent requirements for the physico-chemical properties of the interface for maximal activity of these enzymes that bring about catalysis at a waterlipid interface. It would be extremely important that further characterization of known or yet to be identified CE hydrolases includes close attention to these biochemical characteristics especially in the studies where conclusions are made regarding the major CE hydrolase in a given cell type. To date, the individual contributions of the various CE hydrolases have not been defined. Studies with targeted deletion of individual genes may be inconclusive if there is a compensatory increase in the expression or activity of other enzymes. Therefore, it needs to be emphasized that, while it may be important to define the individual contributions of HSL, CEL, CEH, KIAA1363 and yet unidentified candidates, enhancing the expression/activity of any one of these will be sufficient in attenuating atherosclerosis as illustrated by our data with LDLR−/−CEHTg mice. Thus, from a biochemical stand point, it is important to identify all CE hydrolases that regulate intracellular CE accumulation. However, for a clinical benefit, it is more critical to determine ways to enhance total CE hydrolysis and not focus on which, if any, enzyme is the major CE hydrolase in macrophages or liver. Establishing a strategy to increase the transcription or activity of any one CE hydrolase and demonstrating that this increase leads to enhanced mobilization of intracellular CE, whether or not this is the major CE hydrolase, would be of profound clinical relevance. Intracellular CE are in a dynamic equilibrium with FC and this equilibrium is maintained by the activities of ACAT1 and CEH. FC released by the action of CEH has two fates -indicated as 1 (re-esterification by ACAT1 and 2 (efflux to extracellular cholesterol acceptors). Under conditions of ACAT1 inhibition (bottom right), there is reduction in cellular CE content. However, since FC can no longer be re-esterified, FC has only one fate (2) -efflux to extracellular acceptors. This leads to an increase in intracellular FC. Accumulation of FC in plasma membrane or in endoplasmic reticulum leads to cellular toxicity. On the other hand, if CEH is over-expressed, the released FC still has the two fates (1 and 2). The cgellular FC remaining after efflux can be re-esterified by functional ACAT1 preventing any increase in cellular FC although reducing the net intracellular CE content. agmACAT1 cells were transiently transfected either with an empty vector pCMV or with CEH expression vector in the presence or absence of ACAT1 inhibitor. Twenty four hours posttransfection, medium was replaced with either serum free medium supplemented with 0.5% BSA (limiting acceptor) or with complete growth medium containing 10% FBS (sufficient acceptor). Total lipids were extracted after additional 48 hours and cellular free (FC) and esterified cholesterol (EC) content determined by GLC. It should be noted that content of FC and EC is higher when 10% FBS is included in the medium due to lipoprotein uptake. An increase in FC is only seen when ACAT1 was inhibited. CEH over-expression led to a slight decrease and not an increase in cellular FC. Cellular EC content was reduced with CEH overexpression and the magnitude of this decrease was greater in ACAT1 inhibited cells. *p<0.05 Regulation of interfacial catalysis by a lipolytic enzyme. COS-7 cells were co-transfected with either Luciferase reporter construct driven tandem LXR response elements (LXRE-Luc) or by 1686 bp long CEH proximal promoter (CEH-1686-Luc) along with an empty vector or LXRα expression vector. Twenty four post-transfection, cells were exposed to LXRα ligand TO-901317. Luciferase activity was measured in cell lysates after an additional 24 hours and normalized to β-galactosidase. Fold increase in promoter activity by ligand dependent activation of LXRα are indicated. 
